
OPTIC SENSORS FOR COMPOSITE PRESSURE TANKS 

This application claims the benefit of U.S. Provisional Application Serial No. 60/455,587 
filed March 19, 2003. 



BACKGROUND OF THE INVENTION 

Lightweight composite SCBA (Self-Contained Breathing Apparatus) pressurized cylinders are in 
wide use in the firefighting, medical, aviation and transportation markets. S 2 glass/epoxy 
composit e mat e rial tanks 1 (Figs. 1 1 and 1 2^ Composite material (S-2 glass/epoxy, 
Kevlar/epoxv. carbon/epoxy, etc.) are used for life support gas cylinders, Kevlar/epoxy tanks 3 
(Figs. 1 3 and 1 1) ar e used for life support as w e ll as aircraft inflatables, oxygen supply 
applications^.] Carbon/ e poxy tanks 5 ar e us e d for life support cylinders, recreational SCUBA 
tanks 1 (Fig. 1) and ar e propos e d for alternative fuel vehicles (Figs. 1 5 and 1 6) . 
Composite pressure tanks are manufactured by overwrapping aluminum liners with hoop- 
wrapped or full-wrapped (axial + hoop) shells. The aluminum liner serves as an impermeable gas 
barrier and the composite shell provides the structure that resists the pressure, typically in the 
range of 3,000 to 4,500 psi. The U.S. Department of Transportation is responsible for the safe 
use of these tanks and normally requires a three year cycle to periodic hydrostatically test 
hydrostatic testing to determine the structural integrity of composite tanks. Also, th e s e tanks hav e 
a mandat e d retirement age of 15 years. 

In 2001, Luxf e r USA Limited introduc e d a full wrap carbon fib e r/ e poxy r e cr e ational SCUBA 
(S e lf Contained Underwater Br e athing Apparatus) tank 7 with DOT approval for a longer five 
year r e t e st cycle (Fig. 1 7). 

Advantages of these tanks are light weight, corrosion resistance, dimensional stability, neutral 
buoyancy, and the ability to store roughly 30% more air than an equivalent all-metal tank. There 
is, however, a lower confidence level with the use of composite tanks than with metal tanks. The 
fatigue mechanism in composite tanks that produces matrix cracking and eventual ply failures is 
more complex and less predictable than for metal tanks. Another problem with composite tanks 



is the potential for external surface damage that comes from the kind of rough handling to which 
SCBA/SCUBA tanks often are subjected. Composite pr e ssure tanks currently are manufactur e d 
under DOT Exemption, TC Regulation 3FCM in the United States. Safety is a key issue. The 
ability to monitor structural integrity under a variety of operating conditions will be an important 
factor that determines future tank recertification intervals and tank life. 
Composite tank manufacturing t e chnology is h e r e . What is needed is a means of insuring that 
composite tanks are as safe to operate as metal tanks. 

SUMMARY OF THE INVENTION 

The invention provides a Low-cost Fiber-Optic Sensor System for Composite Pressure Tanks to 
detect structural degradation of composite material pressure tanks. Light power attenuation in an 
embedded optical fiber simulat e s is used to measure tank volume change and can replace 
r e plac e s hydrostatic tank testing. Current U.S. Department of Transportation rules require that all 
pressure tanks be hydrostatically tested to verify structural integrity. This means that tanks have 
to be removed from service for testing. With the invention, testing can be done in-situ. For some 
applications such as composite LNG tanks used on vehicles or emergency inflation devices used 
on aircraft for escape ramps, etc., in-situ testing offers substantial maintenance cost savings. 
Also, because of the simplicity of the test procedure, more frequent structural checks can be 
made economically to improve the safe operation of composite tanks. 

The invention is primarily for pressure tanks using a metal inner liner for sealing gas and an outer 
composite material overwrap for strength. The invention applies to any pressurized tank 
geometry. Cylindrical tanks with hemi spherical or doubly-curved shell ends have immediate 
application. 

A low-cost optical-fiber microbend sensor is used. A laser light source is attached at one end of 
the fiber and a light power meter at the other end of the fiber reads light power transmitted. 
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Microbending is induced by allowing a length of fiber to cross over itself multiple times. 
Fiber-crossings produce pinch points that attenuate the light signal. As internal pressure is 
applied to the tank, radial pressure between the inner metal liner and outer composite overwrap 
squeeze the fiber. Where fibers cross at an angle, a stress concentration occurs that attenuates the 
transmission of light. With fiber crossings distributed over the surface of the tank, total light 
power attenuation will be an average measure of volume change of the tank. 
Fiber crossing is achieved by wrapping and bonding a low-cost telecommunication optical fiber 
over the surface of the inner metal liner. For a cylindrical tank, this can be achieved by helically 
wrapping the fiber in a right-hand lay and then reverse reversing the wrap with a left-hand lay. 
The lay angle is used to control the number of fiber crossings. The greater number of fiber 
crossings, the greater the light attenuation for a given internal tank pressure. 
The technique to bond the fiber to the tank is important to the performance of the optical fiber 
sensor. If the adhesive is too rigid, fiber crossings might not produce sufficient signal (light 
power attenuation). If the adhesive is too flexible, light attenuation could become excessive, 
potentially resulting in a total loss of signal. Also, the type of adhesive determines the linearity of 
the light power signal. It is desirable that the change of light power attenuation for a change of 
internal pressure vary linearly with tank volume change. Experiments have shown that certain 
adhesive materials give nonlinear signals and others give linear signals (polyur e than e adh e siv e s 
perform e d lin e arly; cpoxy adh e siv e s p e rformed nonlin e arly) . 

The means of applying the adhesive between the optical fiber sensor and the metal tank liner also 
is critical to the operation of the sensor and tank. If too much adhesive is applied, that could 
interfere with the bonding of the composite overwrap and the inner metal liner. The technique 
used to apply a very small amount of adhesive was to pull the fiber through a volume of uncured 
adhesive and then to remove excess adhesive by drawing the fiber through a long flexible tube 
with an inner diameter selected to remove a desired amount of adhesive. The 
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thinly-adhesive-coated fiber is then helically wrapped onto the surface of a cylindrical tank under 
a tension designed to achieve contact pressure between the fiber and the metal liner. This is 
achieved by using a rotating mandrel. The desired lay angle is achieved by coordinating the 
rotational and axial feed rates. 

To ensure that the fibers make sufficient contact at all fiber crossings, a shrink wrap tape is 
applied over the fiber. Heat is applied to both shrink the tape, thereby applying pressure to all 
fiber crossings, and to cure the adhesive. 

The fiber ends are attached to optical connectors that are bonded to one end of the tank. In the 
case of the cylindrical metal liner, the connectors are bonded to the valve stem. Optical 
connectors of much smaller size than conventional connectors are a part of this invention. The 
fiber ends are stripped of their protective coating and epoxy-bonded into ceramic ferrules. The 
ends of the ferrules are polished and then placed into a metal housing with a protective metal cap. 
The two connectors at each end of the optical fiber sensor then are bonded to the surface of the 
metal liner at a convenient location such as the valve stem. 

After the fiber has been bonded to the surface, it is sufficiently ruggedized for shipping and 
handling without damaging the delicate fiber. 

Finally, the tank with attached optical fiber sensor and optical connectors is over-wrapped with 
composite material using normal fabrication techniques. In the case of cylindrical tanks, this is 
accomplished by filament-winding the tank. The installation of the fiber optic sensor is 
economical and does not require composite pressure tank manufacturers to alter substantially 
standard fabrication techniques. 

Tests of prototype cylindrical composite tanks prove that the embedded microbend sensor system 
successfully replicates conventional hydrostatic testing. It has been demonstrated that optical 
power light transmission can be made to respond linearly to tank volume change. 
By integrating a simple, low-cost optical fiber sensor into the composite shell [,] tanks can be 
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checked easily for structural integrity each time the cylinder is refilled with gas. The opportunity 
to provide such continuity in structural health monitoring should have a significant positive 
impact on obtaining long e r DOT certifications, extending product useful life, and establishing 
buyer confidence and incr e asing sales . 

The design challenge has been to create an embedded Fiber Optical Sensor System (FOSS) that 
can detect structural faults without precipitating structural degradation of the composite material. 
The manufacturing challenge has been to determine a means of integrating the sensor system 
into the tank fabrication process. Th e e conomic chall e ng e will be to impl e m e nt th e FOSS into th e 
manufacturing proc e ss without increasing cost by mor e than 5 10 %. 
An embedded optical fiber microbend sensor, a modified type ST connector and a handheld 
optical laser and power meter constitute the optical sensor system that is used to monitor internal 
defects in the composite structure. Low-cost is obtained by using readily available optical 
components and a simple installation procedure, and robustness is provided by embedding the 
optical fiber sensor and encasing the optical connector in a metal housing. 
Mark e t r e s e arch indicat e s that U.S. manufacturers alon e produc e in e xcess of a million 
composit e pr e ssur e tanks e ach y e ar. Th e British/U.S. firm, Luxf e r USA, Ltd., produc e s 
approximat e ly 3,000,000 composit e gas cylind e rs p e r y e ar. Th e s e products would b e nefit from an 
e mbedd e d s e nsor syst e m. Discussions with Luxfer USA, Ltd. and Structural Composit e s 
Industri e s hav e indicat e d th e ir int e r e st in this t e chnology, Luxf e r has sugg e st e d that a lik e ly A 
promising initial application of the invention would be the pressure bottles used to inflate slides 9 
3 on passenger aircraft (Fig. 1 8) (Fig. 2) . It is expensive to remove these bottles for hydrostatic 
testing and an in-situ test that could be performed with the optical sensor should result in 
maintenance cost savings that total mor e than th e cost of impl e m e nting this t e chnology . 
The microbend sensor system should can simulate conventional hydrostatic tank testing where 
tank dilatation (volume change) is measured in response to internal pressure. By wrapping an 
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optical fiber around the inner metallic liner of a tank, the optical fiber will be stretched along its 
entire length and subjected to microbending at locations where it contacts itself This mechanical 
action must be designed to produce sufficient light power attenuation in response to applied 
internal pressure. The light attenuation will be a measure of the dilatation of the tank, and 
therefore can be used as a simpler replacement to conventional hydrostatic testing. 
To e valuate th e d e sign, fiv e prototyp e filament wound composit e cylind e rs w e r e fabricat e d and 
t e st e d. M e thods of int e grating th e s e nsor syst e m into th e filam e nt winding proc e ss w e r e 
inv e stigated. Pr e ssur e t e sts of th e prototype tanks ch e ck e d s e nsor signal lin e arity and 
rep e atability in r e spons e to tank int e rnal pr e ssur e . T e chnical programs hav e d e monstrat e d the 
technical feasibility of pr e ssuriz e d composite gas tanks with an int e grat e d optical fib e r s e nsor. 
Embedd e d optical fib e r s e nsors will improve complianc e with DOT c e rtification crit e ria for 
composit e air tanks, incr e as e saf e ty, ext e nd product us e ful lif e , establish buy e r confidence and 
incr e as e sal e s. 

These and further and other objects and features of the invention are apparent in the 
disclosure, which includes the above and ongoing written specification, with the claims and the 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figs 1 1 thru 1 7 Fig. 1 . Composite material tanks and their us e s SCUBA tank . 
Fig. 1 8 Fig. 2 . Tanks in gas actuated escape ramps. 
Fig. 2 1 Fig. 3 . Macrobending versus Microbending 
Fig. 2 2 Fig. 4 . Microbending Test Results. 

Fig. 2 3 Fig. 5 . 61 E Two Layer Sparse Helical Wrap with 52 Pinch Points . 
Fig. 2 1 Fig. 6 . 61 E Four Layer Dense Helical Wrap with 202 Pinch Points . 
Fig. 2 5 Fig. 7 . Pinch Test. 
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Fig. 2 6. Tost Specim e n. 

Fig. 2 7 Fig. 8 . Cross-section of Pinch Point. 

Fig. 2 - 8. Load Frame. 

Fig. 2 9. Tost Sp e cimen R e sults. 

Fig. 2 10 Fig. 9 . Manually Wrapped Fib e r Installed Optical Fiber Sensor 

Fig.2 1 1 .Winding Dry Optical Fiber 

Fig. 2 12 Fig. 10 . Applicator Tip 

Fig. 2 13 Fig. 11 . Fiber Applicator. 

Fig.2 H Fig. 12 . Applying Filler-Coated Fiber 

Fig.2 15 Fig. 13 . Winding Shrink Tape 

Fig. 2 16. Fibor/Tap e Winding Machin e 

Fig. 2 17. S e nsor System with Mylar Isolators 

Fig. 2 18. S e nsor System with Filler 

Fig. 3 1 Fig. 14 . Section View of the OFI Connector Mated to an ST Connector. 

Fig. 3 2 Fig. 15 . Section View of Capped Connector. 

Fig.3 3 Fig. 16 . Mounting Cutouts in Valve Stem 

Fig. 3 4 Fig. 17 . OFI Connector Mounting. 

Fig. 3 5 Fig. 18 . Attaching ST Connectors. 

Fig. 3 6 Fig. 19 . Shield Components. 

Fig. 3 7 Fig. 20 . Assembled Shield. 

Fig. 3 8 Fig. 21 . Connector Housing. 

Fig. 3 9 Fig. 22 . Capped Housing. 

Fig.3 10 Fig. 23 . Groove in Valve Stem 

Fig. 3 1 1 Fig. 24 . Mounted Housings. 

Fig. 3 12 Fig. 25 . OFI Coupler Modified from a Standard ST Bulkhead Connector. 
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Fig. 3 13. Optical cable conn e cted to OFI Conn e ctor. 

Fig. 3 11 Fig. 26 . Coupler Mated to Connector Housing. 

Fig. 3 15. Section Vi e w of Conn e ctor Shi e ld 

Fig. 3 16. Ass e mbled Connector Shi e ld 

Fig. 3 17. Fib e r Polishing Machin e 

Fig. 3 18. F e rrul e Ins e rt e d in Lid. 

Fig. 3 19. Abrasiv e s. 

Fig. 3 20. F e rrule and Housing. 

Fig. 3 21. Applying Epoxy Adhesiv e 

Fig.3 22.Attaching Housing to Coupler 

Fig. 3 23. Thermal Cure of Assembly 

Fig. 3 2 4 . Compl e t e d Ass e mbly. 

Fig. 3 25. Ferrul e Positioned in Housing 

Fig. 3 26. Ferrul e Bond e d in Housing. 

Fig. 3 27. Connectors Ready for Bonding to Tank Liner. 

Fig. 3 28. Conn e ctor Bond e d to Tank. 

Fig. 3 29 Fig. 27 . End Connectors. 

Fig. 3 30 Fig. 28 . Connectors Showing Optical Ferrules. 

Fig. 1 1 . Aluminum Liner Profil e 

Fig. 1 2. Finite Element Model. 

Fig. 1 3. Stacking S e quence on Cylindrical Section. 

Fig. 1 1. Stacking S e quence at End Sections 

Fig. 1 5. Translational Restraints at Tank N e ck. 

Fig. 1 6. von Mis e s Str e ss on Aluminum Liner at 1,100 psi. 

Fig. 1 7. Tsai Wu Inverse Strength Ratio at 1,100 psi. 
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Fig. 4 8. Radial Pr e ssure on Fib e r S e nsor is 850 psi. 
Fig. 4 9. Toai Wu Inverse Str e ngth Ratio at 1,750 poi. 
Fig. 4 10. Tank 1 S e nsor. 
Fig. 111. Tank 2 Sensor 
Fig. 4 12. Tank 3 Sensor. 
Fig. 4 13. Tank 4 S e nsor. 
Fig. 4 14. Tank 5 S e nsor- 
Fig. 4 15. Tank 6 S e nsor. 
Fig. 4 16. S e tup Winding Machin e . 
Fig. 4 17 Fig. 29 . Progression of Axial Winds 
Fig. 4 18. Compl e tion of Axial Wind 
Fig. 4 19. Start of 87E Hoop Wind 
Fig. 4 20. Progr e ssion of Hoop Wind. 
Fig. 4 21. Completed Hoop Wind. 
Fig. 1 22. Tank 1 
Fig. 4 23. Tank 2 
Fig. 4 24. Tank 3 
Fig. 4 25. Tank 4 

Fig. 4 26 Fig. 30 . Tank 5 Prototype Tank 
Fig. 4 27. Tank 6 

Fig. 5-1. Fiber Optic Pressure Test Setup 

Fig. 5 2. Tost Tank 2 Setup. 

Fig. 5 3. Light Power 210. 8 Fw at 0 psi. 

Fig. 5 4. Light Power 225.6 Fw at 700 psi. 

Fig. 5 5. Tank 2 Light Pow e r R e spons e for Six Pr e ssur e Cycl e s. 
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Fig. 5 6. Tank 2 Mean Light Power Loss for Cycl e s 3 6 

Fig. 5 7. Tank 2 Light Pow e r Loss. 

Fig. 5 8. Tank 2 Moan Light Power Loss. IV 

Fig. 5 9. Tank 3 Light Pow e r Loss. 

Fig. 5 10. Tank 3 M e an Light Pow e r Loss 

Fig. 5 11. Tank 1 Light Power Loss 

Fig. 5 12. Tank 1 Mean Light Pow e r Loss 

Fig. 5 13. Tanks 2,3,1 M e an Light Pow e r Loss vs. Pr e ssur e . 

Fig .5 11. Tanks 2,3,4 M o an Light Power Loss 

Fig. 5 15. Tanks 2,3,1 Mean Light Pow e r Loss p e r Pinch Point. 

Fig. 5 16. Tank 2 Light Pow e r Loss vs. Numb e r of Pinch Points. 

Fig. 5 17. Tank 2 Light Power Loss. 

Fig. 5 18. Tank 3 Light Pow e r Loss 

Fig. 5 19. Tank 1 Light Power Loss 

Fig. 5 20. Tank 6 Light Power Loss. 

Fig. 5 21. Light Power Loss at Cycle 10 

Fig. 5 22. Light Pow e r Loss p e r Pinch Point at Cycl e 10 

Fig. 5 23. Tank 1 Hydrostatic T e st. 

Fig. 5 21. Tank 2 S e nsor P e rformance. 

Fig. 5 25. Tank3S e nsorPcrformanc e 

Fig. 5 26 Fig. 31 . Tank 1 Sensor Performance. 

Fig. 5 27. Tank 6 S e nsor Performanc e . 

List of Tables 

Tabl e 2 1 . Candidat e Single Mode Fib e r S e nsors 
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Table 1 1. Profile Coordinates & Wall Thickn e ss 
Table 1 2. Tank Wall Properties 
Table 1 3. Material Orthotropic Prop e rti e s 
Table 5 1. Tank 2 Light Power Test Data 
Table 5 2. Tank 2 Light Power Chang e 
Table 5 3. Tank 2 Mean Light Power Chang e 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

OPTICAL FIBER SELECTION 

Optical fibers are manufactured for specific wavelengths of light that maximize light power 
transmitted through the fiber and minimize light loss as the fiber is bent. This approach is needed 
for telecommunication fibers where light must be transmitted over long distances. For an optical 
sensor, however, a different approach must be taken. Since the sensor will function as a microbend 
sensor, an optical fiber that is sensitive to fiber bending should be used. 

Three U.S. optical fiber manufactur e rs wer e contacted with a r e qu e st for information on fib e rs 
having high b e nding sensitivity. Non e of th e manufacturers w e r e able to id e ntify such a fib e r, sinc e 
they go to considerable effort to avoid bending loss. Clark and Smith (1995) discuss physical 
attribut e s needed for a good microbend s e nsor. 

Fiber characteristics obtained from fiber manufactur e rs ar e describ e d in Tabl e 2 L Data not 
availabl e is indicat e d with NA. 

Transmitted light power is lost in response to microbending. The very small bend radius associated 
with microbending diminishes power when the highest-order guided mode in the fiber core is 
coupled to the first cladding (radiation) mode, which then is rapidly attenuated. Figure 2 1 Figure 3 
compares macrobending 44 5 and microbending 44 7. The curvatures of the bead bent fiber are 
very small, and very abrupt, for microbending (Fig. 2 lb) than for the more gentle macrobending 



(Fig. 2 l a) . 

Fibers are produced as single mode or multi-mode carriers of light. As shown in Fig. 2 2 (Clark and 
Smith, 1995) 4, single mode fibers ±2 9 are more sensitive to microbending than are multimode 
fibers WH, 

Numerical aperture is a good indicator of light loss for a bent fiber. The smaller the numerical 
aperture, the greater should be the light loss for a given bend radius. Tabl e 2 1 shows that th e 
Corning SMF 28 and Sp e cTran BFOH46 fib e rs hav e th e smallest ap e rtur e s. Th e Corning fiber has 
an acrylat e coating, where the Sp e cTran fib e r has a polyimid e coating. Urruti e t al. (1989) show e d 
that th e fib e rs with a polyimid e coating show more vuln e rability to microb e nding than did fib e rs 
having acrylate or silicon e coatings. Thus, it would s e em that th e SpecTran might b e th e b e st choic e 
for prototyp e d e v e lopm e nt. Th e practical probl e m with th e polyimid e coating, howev e r, is its 
r e moval for joining with a ceramic ferrul e . Stripping a polyimid e coating r e quir e s dipping th e fib e r 
into h e at e d sulphuric acid. Since a major obj e ctiv e of this program is to d e v e lop a low cost s e nsor 
implant, the high e r cost of this coating and stripping of its e nds is not justifi e d. 
Th e Corning SMF 28 fib e r has a soft e r acrylat e coating that is l e ss s e nsitiv e to microb e nding, but 
its wid e spr e ad us e in th e t e l e communications industry mak e s it availabl e at v e ry low cost. Also, th e 
fib e r can be stripp e d m e chanically at v e ry low cost and a larg e s e l e ction of conn e ctors for this fib e r 
are available commercially. A pot e ntial probl e m with th e acrylate coating is that it soft e ns at n e arly 
the sam e temp e rature n ee d e d to thermally cur e th e composit e part. As the composit e is h e lically 
wound around th e fiber that is attach e d to the aluminum lin e r, large radial pressur e acting on th e 
fiber is produced. The combination of high radial pressure and high cure temperature (250EF) could 
cause th e coating contact ar e a b e tw ee n two cross e d fib e rs to incr e ase and th e r e for e diminish 
microbend sensitivity. Microb e nd e xp e riments describ e d in a following s e ction, however, show that 
microbend sensitivity is not reduc e d at th e 250EF cur e t e mp e ratur e . 

Th e v e ry low cost of the Corning fib e r, th e availability of many types of compon e nt parts that can 
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b e us e d in developing a connector, its low num e rical ap e rtur e for microbending sensitivity, and its 
high m e chanical strength (100 lesi ) for handling th e fiber during manufacture w e r e critical 
characteristics that has mad e the Corning SMF 28 fib e r th e choic e for prototyp e d e v e lopm e nt. 

ATTENUATION DUE TO FIBER STRETCH 

An inv es tigation was compl e ted to d e t e rmin e if light power loss from axial strain of th e optical 
fib e r might be sufficient to function as a s e nsor. 

A fib e r manufactur e r (Corning Optical Fib e r Information C e nt e r) had conduct e d fiber t e nsion t e sts 
that show insignificant light power loss for a v e ry long fib e r. For th e SMF 28 fiber at th e 1310 nm 
wavel e ngth w e ar e using, th e optical att e nuation caus e d by a 1% t e nsil e strain ov e r a 1 Ion length of 
fib e r is only 0.2 dB. The light power loss in th e prototype t e st e d was about 0.3 dB for a v e ry short 
length of fiber. This shows that th e s e nsor signal was gen e rat e d pr e dominantly by microb e nding. 
Thus, th e fib e r str e tch e ff e ct can b e ignor e d. 

SENSOR DESIGN 

DOT TEST PROCEDURE 

Fiber reinforced cylinders are to be hydrostatically tested in accordance with their exemption (see 
DOT-E7235, E9894, E9634 and TC Regulation 3FCM, 3HWM and SP3263). Composite cylinders 
manufactured in accordance with DOT Exemption and TC Regulations are to be hydrostatically 
tested at least once every three years periodically . 

The hydrostatic test requires the tank to be pressurized to its service pressure and its volumetric 
expansion measured. Upon release of the pressure, the tank passes the test if the permanent 
volumetric expansion is equal to or less than 5% of the total expansion. 

TEST PROCEDURE - 
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An embedded microbend sensor can be used as in an indicator of tank dilatation during tank 
pressurization. Thus, if the residual light attenuation is equal to or less than 5% of the total light 
attenuation, the tank passes the test. The advantage is that the tank does not need to be transferred to 
a hydrostatic test facility. It can be tested on-site and its down-time therefore is minimized. With 
this approach, the tank could be tested economically as frequently as each time the tank is filled 
with gas. 

SENSOR LAYOUT 

To create microbending, contra-helical layers of optical fiber are wrapped around the aluminum 
tank liner. Where the fiber crosses over itself at Apinch points @, light power transmitted will be 
attenuated in proportion to internal tank pressure. The number of pinch points desired will depend 
on how the fiber is bonded to the liner (se e Microb e nd Exp e riments b e low) . 

For this simple sensing scheme to work effectively, it is important to have a sufficient number of 
fiber pinch points 3© 13 to cover effectively the surface of the tank. Too many pinch points, 
however, could reduce the output light signal to zero. Several lay patterns w^e investigated and th e 
61 E double and quadrupl e including sparse and dense wraps 31 15, 33 17 are shown in Figs. 3-3- 5 
and 3-4 6 w e r e finally sel e ct e d for th e prototyp e tanks . 

The formula to pr e dict the light pow e r output is giv e n by: 

Percent Light Power Output = 1 00(1 xf (3-4) 

where X = light power attenuation at on e pinch point at a giv e n radial pr e ssure, and N = total 
numb e r of pinch points. The value for X has been determined experim e ntally and is reported in th e 
following s e ction, Microbend Experim e nts. 
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Th e light power loss of a singl e fib e r that cross e s its e lf N times (N pinch points) can bo found by 
th e e quation, 

Percentage Power Loss - 100(1 (1 Xf ) (2-3) 

MICROBEND EXPERIMENTS 

Microbend experiments were conducted to simulate the optical signal generated in a crossed fiber 
embedded between the tank aluminum liner and composite overwrap. Figure 2-4 7 is a schematic of 
the test that was performed for a single pinch point 20 13 . Light attenuation was measured 29 23 in 
response to an applied pressure 50 25 . Light is input at end 2§ 19 and output at end 22 21. 
The purpos e of th e microbend experiments is to obtain provide data on the sensitivity of the sensor 
for s e v e ral different pinch point designs. 

SPECIMEN PREPARATION 

1 inch (25 mm) square sp e cimens w e r e prepar e d using an aluminum plat e and an ov e rwrap of E 
glass/ e poxy composit e pr e pr e g. B e tw ee n th e aluminum and composit e mat e rial, a singl e Corning 
SMF 28 optical fib e r 31 was cross e d ov e r its e lf at a single point 20 locat e d at th e cent e r of the 
specimen. The fib e r is bond e d 33 to th e aluminum surfac e 35, and th e n composit e was laid over th e 
aluminum. Figur e 2 6 shows a singl e lay e r of composit e 37 appli e d to a fib e r pinch point. 
Additional layers of prepr e g arc appli e d to achi e v e th e sam e thickn e ss as th e actual tank wall. Also 
visibl e in this figure is a circular mylar isolator 39 that shi e lds th e fib e r pinch point from epoxy 
intrusion. 

Aft e r all lay e rs of composite arc appli e d, the sp e cim e n is clamp e d at approximat e ly 15 psi and 
cur e d at 250EF for 90 minut e s. H e at up and cool down occurs at 5EF/min for a total cur e time of 
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160 minut e s. 

PINCH POINT DESIGN 

Figure 2-7 8 is a schematic of the cross-section of two contacting optical fibers 41, 13 27,29 
embedded between the aluminum tank liner 44 31 and an overwrap of composite 47 33. As 
pressure $± 37 is applied at the inner surface 49 35 of the tank liner, the rigidity of the composite 
overwrap causes the overlapping fibers 41, A3 27,29 to pinch. 

To control the optical signal (light attenuation across the pinch point), different filler materials #3- 
39 might could be used or the interstitial volume around the pinch point 20 might 13 could be left 
vacant by use of an isolator film 41 that covers and seals the pinch point. A softer filler material 
would permit more microbending and a stiffer material less. A hard filler, a soft filler and no filler 
(using an isolator) to control light attenuation were investigated. 

Epoxy Filler 

Th e simpl e st approach is to allow epoxy to fully inundat e th e int e rstitial volume b e tw ee n fib e rs 
during the filam e nt winding process. This approach is th e most economical since no additional 
st e ps in the manufacturing proc e ss ar e r e quir e d. Th e fib e r is coat e d with a thin film of e poxy 
(pr e f e rably th e sam e as that us e d in filament winding) as it is wound onto the out e r surfac e of th e 
tank lin e r. After curing, th e tank can b e handl e d with l e ss conc e rn for fiber damag e . 

Polyurcthanc Filler 

A soft e r polyurethane fill e r mat e rial was sel e ct e d to confirm that th e s e nsor signal would be 
incr e as e d. Again, to rugg e diz e th e d e licat e optical fiber, it is coated with a thin lay e r of 
polyur e than e as it is helically wrapp e d onto th e outer surfac e of the aluminum liner. 
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No Filler (Isolator) 

In this cas e , th e optical fiber is dry mapped onto th e tank lin e r. Each pinch point is s e al e d by 
applying a circular mylar disk with adh e siv e backing to th e sit e of e ach pinch point. This isolator 
can b e s ee n in Fig. 2 6, just under th e first lay e r of composit e . This approach is e xpect e d to add cost 
to th e process sinc e application of the isolators is mor e involv e d. For e xampl e , it is not enough to 
position the isolators over pinch points, suffici e nt pr e ssur e must be appli e d to obtain a sufficiently 
good seal. 

SPECIMEN TESTS 

Th e sp e cimens w e r e t e st e d in th e load frame 57 shown in Fig. 2 8. Compressive pr e ssur e was 
appli e d to th e microbend sp e cimen by progr e ssiv e ly tight e ning four bolts b e tween th e upper and 
low e r plat e ns, A load cell r e cord e d th e compr e ssiv e force acting on th e specim e n, and a light source 
and pow e r m e t e r w e r e us e d to m e asur e light att e nuation over th e singl e microb e nd. A 1310 nm 
wav e l e ngth light source was used. 

Figur e 2 9 presents plots of th e light pow e r loss (in percent) versus th e appli e d contact pr e ssur e for 
typical specimens. As e xp e cted, th e e poxy fill e r produc e d th e small e st, lin e ar signal. The 
polyur e than e produc e d a slightly larg e r signal that was pr e dictably nonlin e ar. Us e of the Mylar 
isolator produc e d by far th e larg e st, n e arly linear signal 

With th e Mylar isolator, a 1% loss at a pr e ssur e of about 5 MPa (725 psi), 50 pinch points would 
result in a total light pow e r loss of 87% (Eq. 2 2). Incr e asing the numb e r of pinch points rapidly 
r e duces the output light signal to z e ro. Whore mor e pinch points ar e d e sir e d to provid e a d e ns e r 
d e t e ction m e sh for local br e aks in th e composit e ov e rwrap, eith e r the e poxy or polyur e than e fill e d 
sensor would be r e commended. For example, with a 0.75% loss with th e e poxy filled s e nsor at th e 
sam e 5 MPa pressur e , 200 pinch points would r e sult in a total tank loss of about 78%. 
Th e s e e xp e rim e ntal r e sults indicat e that th e tank prototyp e s fabricat e d for this proj e ct should us e 49 
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pinch points (Fig. 2 3) for th e Mylar isolator and 202 pinch points (Fig. 2 4) with the e poxy or 
polyur e than e fill e rs. Roughly th e n, each tank would loos e about 80% of the light power at its 
maximum pr e ssur e , 

FABRICATION 

Figure 2-40 9 shows fee a prototype 60 45 with a two layer four-layer helical wrap 2-3- 15 of optical 
fiber 34- 43 installed following the pattern in Fig. 2-3- 6. Its installation involves cleaning and 
degreasing the surface of the tank, marking the helical path for the fiber, laying the fiber onto the 
aluminum liner and bonding the fiber to the tank. Long fiber sensor leads are left near the top for 
attachment to the connectors. 

Th e fib e r is bond e d to th e tank at an int e rval e qual to th e number of fiber pinch points 20. A Loctit e 
cynoacrylat e adhesiv e (LQCTITE Talc Pale 382) is appli e d n e ar to, but not at, th e fib e r crossings. A 
curing agent is spray e d onto a fresh application of adh e siv e that hard e ns withing 5 s e conds. 
An optical fib e r winding machine was design e d and fabricat e d to improve th e application of th e 
fiber to the tank (Fig. 2 16). 

A primary goal of this proj e ct has b ee n to d e v e lop a low cost, robust m e ans of attaching th e fib e r 
optic s e nsor to th e tank liner. Onc e appli e d, th e fib e r should b e prot e ct e d from m e chanical damage 
when handling th e tank prior to filam e nt winding th e composit e ov e rwrap. 

A very low speed spindle (1-5 RPM) was designed to simplify installation of the optical fiber, 
application of the filler material and wrapping shrink tape over the sensor. Figur e 2 1 1 shows a dry 
fib e r s e nsor being h e lically wound onto an aluminum lin e r. Th e dry fib e r is bond e d to th e tank lin e r 
as d e scribed in th e previous s e ction. This approach is us e d with Mylar isolators. 
To bond the fiber to the liner and provide filler material that encapsulates each pinch point, the fiber 
is drawn through a syringe containing filler material. A flexible Teflon tip dispenses the fiber and 
acts as a low friction scraper that controls the coating thickness. 
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Figure 2-42 H) shows the applicator tip 24- 47 (EFD UltraTip o.OH x .5 long) with the emerging 
fiber optic sensor. Th e fiber 31 has an out e r diam e t e r of 0.008 inch. When drawn through the t044 
inch diameter tub e , the epoxy applicator tip 47, the coating will hav e a thickness of .003 inch, is 
sufficient to bond the fiber 43 to the liner. 

Figure 2-43- U. shows the applicator tip 74 47 and syringe 73- 49 installed in a dispensing reel 75 51 
that includes fiber tension control using a compression spring. 

Figure 3-44 12 shows the applicator being used to apply the fiber sensor to the aluminum liner that 
is rotated on the low speed mandrel. 

This application m e thod p e rform e d w e ll, r e quiring only 10 15 minut e s to bond 52 fe e t of fib e r to 
th e aluminum lin e r. A production v e rsion of this devic e would includ e a horizontal f ee d mechanism 
to increas e th e application rat e . 

A free length at each end of the fiber is left near the neck of the tank liner for assembly to the 
optical connectors. 

Next, shrink tape 79 53 coated with a release agent is wrapped over the installed fiber as shown in 
Fig. 2-45 13. The tank then is rotated under an infrared quartz heat lamp to both shrink the tape and 
provide a thermal cure to the filler material. The radial pressure produced by the shrink tape on the 
fiber improves the quality of the bond to the surface and ensures that the fibers are in contact at the 
pinch points. 

At a t e mp e ratur e b e tw ee n 90EF and 150EF, th e tap e shrinks fully to produc e a t e nsil e tape str e ss, 6 t 
- 1,350 psi 

Th e radial pr e ssur e , P f , produced by a tap e thickn e ss, t = .002 inch, on the lin e r is calculat e d from 
th e formula: 
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wh e r e th e number of lay e rs, N fc = 1, and th e tank diamotor, D ~ 6.28 inches. This pressur e was 
d e t e rmin e d to b e suffici e nt to hold th e fib e r s e nsor in contact with th e aluminum liner while curing. 
Figur e s 2 17 and 2 18 show Figure 9 shows the completed installation of a fiber optic sensors 
sensor with Mylar isolators and fill e r mat e rial, r e sp e ctiv e ly. Th e s e tanks ar e ready for filament 
winding the composite overwrap. 

B e cause of th e larg e light power att e nuation with th e Mylar isolators, th e numb e r of pinch points is 
limit e d to 4 9 (Fig. 2 17). Th e lower att e nuation of th e polyur e than e or e poxy fill e r mat e rials p e rmits 
a larg e r number of pinch points to b e us e d (202 points as in Fig. 2 18). Th e s e figur e s show Figure 
9 also shows optical connectors attached to the valve stem of the aluminum liner. 



OPTICAL CONNECTOR 

D e v e lopm e nt of an optical conn e ctor that t e rminat e s an e mb e dd e d optical fib e r s e nsor has b ee n on e 
of the mor e difficult asp e cts of this program. The conn e ctor optical connectors must be sufficiently 
robust to survive rough handling of the tank and permit external instrumentation (laser light source 
and optical power meter) to be attached easily to the embedded sensor with minimal light power 
loss. S e veral d e sign conc e pts w e r e e xplor e d, including emb e dded and e xternal connector conc e pts. 
Th e conn e ctor d e sign was improv e d by simplifying its design and r e locating th e conn e ctor to the 
top of the tank and th e final d e sign and fabrication of th e optical conn e ctor. The connectors are 
attached to the valve stem of the aluminum liner (Fig. 9). 

DESIGN OBJECTIVES DESIRED CONNECTOR CHARACTERISTICS 

1 . The overall length and diameter of the connector should be as small as possible to minimize the 
potential for mechanical damage. 

2. The connector should function with a light wavelength of 1310 nm. Optical t e sts at this 
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wav e l e ngth hav e provid e d th e most stabl e r e adings for th e Corning SMF 28 fib e r, used for the 
optical fiber sensor. 

3. The connector optical coupling loss should be significantly less than the optical signal produced 
by the microbend sensor. 

4. The installation of the connector must be integrated into the filament-winding process without 
significantly complicating that process. Moreover, this integration must protect optical components 
throughout part processing. 

5. The possibility of contamination of the connector optical components requires provisions for 
cleaning of optical surfaces. 

Two conn e ctor concepts were inv e stigat e d. On e conc e pt had th e optical conn e ctor e mb e dd e d Two 
methods of attaching connectors can be used. One method embeds the connector in the composite 
shell wall. The advantage of this approach is that the connector is better protected from external 
damage; however, it also produces an inclusion in the shell wall that compromises the structural 
integrity of the tank. Th e s e cond conc e pt, A second method used to fabricate a prototype^laeed 
places the connector in a housing that was attach e d to the bottom of th e tank. This d e sign 
function e d well optically, but th e possibility of mechanical damag e to th e housing is gr e at e st at th e 
bottom of th e tank. Also, this d e sign is exp e nsiv e to fabricate and install. A s e rious probl e m 
e ncount e r e d with this d e sign was fib e r br e akag e that occurr e d during th e rmal curing of th e part. A 
finit e e l e ment analysis v e rifi e d this ass e ssm e nt. A s e cond prototyp e was fabricat e d and cur e d at 
room t e mp e rature to avoid this probl e m, on the sides of the tank valve stem . 
Figure 3-4 14 is a scaled solid model of the connector 8© 55. 

To ensure low optical power loss across the connector, a commercially available ceramic ferrule £4 
57 with a split spring sleeve £3 59 designed for ST connectors was selected. 
As seen in Fig. 3-4 H, the OFI (optical fiber interface) ceramic ferrule 61 is housed in a custom- 
made connector housing £7 67. The optical fiber sensor 34 43 enters the ferrule £5 61 at the left 
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end. The ferrule is located at the center of the connector housing 83 67 by a close-fitting cylindrical 
bore 89 56. Epoxy potting material fills the counterbored void 94 63 around the fiber end (left end) 
of the ferrule 85 61 to seal the ferrule in the connector 80 55. This potting is accomplished while 
the external connector is attached to ensure mutual concentricity. At the right end of the ferrule, a 
larger counterbore 95 65 permits entry of the spring sleeve 82 59. 
The external connector 95 67 is attached to a modified ST bulkhead coupler 97 69. 
In practice, the coupler first is screwed onto the connector body. The external ST connector 84- 57 
then is inserted into the coupler with a quarter-turn action. A compression spring in the external 
connector provides sufficient pressure for its ceramic ferrule to contact the OFI ferrule, and the 
spring sleeve provides perfect concentric alignment between the two ferrules. 
Modification of the bulkhead coupler 69 consists of adding internal threads 99 71 to the left end of 
the coupler that mate with the connector body. The external threads on the connector body also can 
receive a protective cap 400 73 (Fig. 5-2 15). The cap is knurled for tightening by hand. A thin 
neoprene gasket inside the cap w4H seal seals the ferrule from water and other environmental 
contamination. The connector is just slightly longer than the ferrule so that the polished face of the 
ferrule is protected, yet still is accessible for cleaning. 

CONNECTOR MOUNTING 

Initially, it was e nvision e d that a m e tal mounting ring for th e OFI conn e ctors would b e bond e d 
around th e valv e st e m. The valv e stem is th e turnaround pole for th e axial lay e rs of filament 
winding, how e v e r, and a mounting ring would incr e as e th e turnaround pol e diam e t e r. This larg e r 
diam e t e r would cr e at e a structurally d e trim e ntal incr e ase in the lay angl e of th e axial lay e rs of 
filam e nt winding. Therefor e , an alt e rnat e mounting m e thod was dev e lop e d. 

Inst e ad of adding a mounting ring, two Two shallow cutouts 405 77 were are machined directly into 
the valve stem 404 75 as shown in Figure 5-5 16. There is sufficient thickness in the valve stem 
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-W4- 75 that the material will not fail under test pressures. For futur e production, the The valve stem 
could b e modifi e d can be made so that the cutouts can b e mad e are in an unpressurized area. 
Figure 3-4 17 shows the OFI connector 8© 55 bonded into the valve stem cutouts. The optical fiber 
exits the connector tangent to the valve stem and is helically wrapped around the valve stem down 
to the liner surface. A thin layer of potting material will b e mold e d in plac e to protect th e fiber that 
will not b e covered by composit e mat e rial is placed over the fiber for protection and to seal the back 
of the connector. Figure 3-S 18 illustrates how ST connectors 84- 57 are attached to the OFI 
connectors couplers 9$ 69. 

Since the mounted OFI connector protrudes from the valve stem it is susceptible to damage during 
normal handling of the tank. Therefore, the two-piece shield 440 79 shown in Figure 3-6 19 was is 
designed to protect the connectors. The shield is assembled transversely to the axis of the tank. 
Two #10 2 4 cap screws 144 81 clamp the two sides 113, 115 83, 85 of the shield to the pipe 
fitting. A rib 446 87 on the shield fits into the gap between the pipe fitting and the top surface of the 
valve stem to restrain the shield axially. A skirt 447 89 around the bottom of the shield 
encompasses the capped OFI connectors to protect them from damage. The shield must be 
removed to take a measurement. Figure 5-7 20 shows the fully assembled shield. 
The size of the connector housing 9$ 67 is significantly smaller than a standard commercial ST 
connector. By using ST connector components, th e SMF 28 a standard telecommunication fiber can 
be used, and light attenuation is comparable to commercial connectors. Th e conn e ctor d e sign did 
not provid e a polariz e d conn e ction b e tw ee n th e tank and e xt e rnal instrum e ntation. As two c e ramic 
f e rrul e s are rotat e d r e lativ e to on e anoth e r, optical imperf e ctions in the two surfac e s caus e a 
fluctuation in light pow e r transmitt e d. Th e d e sign d e pict e d in Fig. 3 1 provid e s a r e p e atabl e and 
polariz e d conn e ction. 

After the fiber sensor is applied to the tank liner, the connector is attached to the fiber and then the 
connector is attached to the valve stem. The optical fiber is bonded to the liner along its entire 
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length including the fiber leads to the connector. When the protective cap is attached to the 
connector housing, the entire sensor is sufficiently ruggedized to permit handling and filament 
winding following current manufacturing procedures. 

With the protective cap removed, the optical end of the ceramic ferrule can be accessed for 
cleaning. 

CONNECTOR FABRICATION 
CONNECTOR HOUSING 

The connector housing 9$ 91 that attaches to the valve stem of the tank liner is shown in Fig. 3-8 
21 . The left end of the housing has a conical taper 434 93 to fit the mating slot 433 95 in the valve 
stem (Fig. 3-40 23). The right end is threaded to accept a knurled cap with a neoprene seal to 
protect the internal ceramic ferrule (Figs. 3 9 and 3 2 15 and 22). Fig. 3-44- 24 shows how the 
housing mounts to the tank valve stem. The conical taper provides positioning of the housing such 
that the fiber sensor exits the housing e xactly tangential with to the surface of the valve stem. 

COUPLER 

A standard type ST bulkhead connector 434 97 was modified to fabricate the OFI coupler 43# 99 
shown in Figure 3-43 25. The right end of the connector was cut to reduce its overall length. The 
diameter was reduced to a diameter sufficient to remove the external threads. Finally, internal 
threads to match the threads on the connector housing were added to the right side of the bulkhead 
fitting. Assembly of the coupler and housing is shown in Fig. 3-44 26. 

The left sid e of th e Coupl e r coupler can be attached to an external optical cable as shown in Fig. 3 
43. 
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FABRICATE CONNECTOR SHIELD 

Th e compl e t e d connector shi e ld d e scrib e d in Fig. 3 6 and Fig. 3 7 is shown in Fig. 3 1 5 and Fig, 3 
16. The shi e ld clamps to a h e xagonal fitting at th e top of the valv e st e m and provid e s protection to 
the two capp e d connectors shown in Fig. 3 15. Th e fully ass e mbl e d shi e ld is shown in Fig. 3 16. 
To access th e conn e ctor, th e shield is loos e n e d and axially slipp e d off th e fitting or th e two halves 
can b e s e parat e d. 

Drop tests show e d that this shi e ld is e ff e ctiv e in prot e cting th e conn e ctors. 
SENSOR/FERRULE ASSEMBLY 

Th e attachm e nt of th e c e ramic f e rrul e s to th e Corning SMF 28 optical fib e r s e nsor can b e mad e 
only after th e s e nsor has b ee n bond e d to th e surfac e of th e aluminum tank lin e r. This m e ans that th e 
ferrul e must b e attach e d to th e l e ngth of fib e r e xt e nding from th e tank surface. Th e attachm e nt 
involv e s stripping the acrylat e coating from th e fib e r, ins e rting th e stripp e d fib e r through a c e ramic 
f e rrul e , bonding th e two parts, curing th e adh e siv e in an ov e n, cl e aving th e fib e r e nd n e ar to th e of 
th e ferrul e and polishing th e end of th e f e rrul e to an optical finish. 

Each of th e s e op e rations must b e p e rform e d car e fully to prev e nt breaking th e stripp e d s e ction of 
fib e r, e sp e cially wh e re the diam e t e r is reduc e d from 125 im to only a 6 im core diamet e r. Th e fib e r 
core is e xtr e m e ly d e licate and is e asily broken at th e location wh e r e th e acrylat e coating was 
r e mov e d. Obviously, th e fr ee ends of th e fib e r must b e long enough to allow one or two tries in 
assembling th e f e rrul e and s e nsor. If this op e ration should b e unsucc e ssful, th e e ntir e tank lin e r and 
fiber s e nsor would hav e to b e discard e d. 

To minimiz e th e possibility of fib e r br e akag e , th e proc e dur e outlin e d b e low was follow e d. 
After stripping a s e ction of fib e r, it was coat e d with e poxy adh e siv e (TRA CON BA F123) and 
ins e rt e d compl e t e ly through th e c e ramic ferrul e . A short l e ngth of th e fib e r end proj e cts b e yond the 
ferrul e end. A small bead of e poxy d e velops at both th e e ntry and e xit points of th e f e rrul e . This 
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ass e mbly is oven cur e d. Aft e r curing, th e proj e cting fib e r is scrib e d and separated. Th e e nd of th e 
ferrul e th e n is polish e d using th e comm e rcial Ultra T e c Minipol - 2 fib e r polishing machin e 127 
shown in Figur e 3 17. Th e bond e d fib e r/ferrul e is h e ld stationary and an oscillatory rotating 
abrasiv e disk p e rforms the polishing. This proc e dur e r e sult e d in a strong m e chanical joint b e tw e en 
th e fib e r and c e ramic f e rrul e and an optically e ffici e nt polish e d fib e r e nd that exhibited exc e ll e nt 
light throughput. Light pow e r loss through this conn e ction was m e asur e d at l e ss than 5%. 
A manual polishing op e ration using a puck would risk fib e r br e akag e due to th e dynamics of trying 
to move th e f e rrul e through a vigorous figur e 8 patt e rn whil e the fib e r is teth e r e d to the surfac e of 
th e tank. Inst e ad, an automat e d polishing machin e that k e eps th e fiber/f e rrul e stationary was us e d. 
Figur e 3 18 shows a c e ramic f e rrul e ins e rt e d in th e lid of th e polishing machin e . Wh e n the lid is 
clos e d, its w e ight presses th e e nd of th e f e rrul e against a lubricat e d abrasiv e pap e r. Polishing 
proc ee ds through four abrasiv e grits (Fig. 3 19). 

FERRULE/HOUSING ASSEMBLY 

A commercial conn e ctor and the coupler (Fig. 3 12) ar e us e d to position accurat e ly the ferrule 
insid e the housing. The comm e rcial conn e ctor is attach e d to th e coupl e r as shown by th e 
compon e nts on th e left in Fig. 3 20. Th e ceramic f e rrul e (alr e ady attach e d to th e optical fib e r) is 
thr e ad e d through th e housing and insert e d into th e spring sl ee v e (Fig. 3 1) contain e d in th e coupl e r. 

N e xt, a structural rated e poxy adh e siv e (Hysol 9360) is insert e d into the conical e nd of th e housing 
(Fig. 3 21), and th e housing is slid along th e fib e r and scr e w e d onto th e coupl e r (Fig. 3 22). A 
fe e l e r gag e is us e d to maintain a gap of 0.030 inch betw ee n the edg e s of th e coupl e r and housing. 
After th e e poxy cur e s in this configuration, and th e housing is tighten e d fully against the coupl e r, 
pr e ssur e b e tw ee n the two mating f e rrules will b e d e v e lop e d by th e compr e ssion spring in th e 
comm e rcial conn e ctor. Exc e ss epoxy along th e fib e r is r e mov e d prior to curing. 
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This ass e mbly is th e rmally cur e d at 180EF for on e hour using th e ov e n and temperatur e gag e shown 
in Fig. 3 23. 

Figures 3 21 to 3 26 ar e vi e ws of th e completed attachm e nt of the c e ramic ferrul e and conn e ctor 
housing. 

INSTALL CONNECTORS 

Aft e r attaching th e conn e ctor to the optical fib e r s e nsor, th e The optical leads are wrapped around 
the tank and valve stem to locate the connectors near the stem grooves (Figs. 3 3 and 3 10 16 and 
23. Figur e 3 27 shows two connectors drap e d over th e valv e st e m r e ady for bonding. Th e protectiv e 
caps ar e install e d on th e housings to prev e nt contamination from th e e poxy. Th e fit of th e housing 
in th e groov e is d e sign e d so that th e fib e r e xits th e conn e ctor tang e ntially to th e surfac e of th e valv e 
st e m (Fig. 3 28). 

Epoxy adh e siv e (Hysol 9360) is placed in th e groov e and th e conn e ctor housing is clamped and 
th e rmally cur e d at 1 80 EF for on e hour as shown in Fig. 3 28. 

Figure 3-29 27 shows how the fiber sensor has been wrapped around the valve stem and looped and 
bonded at the tank end. Also shown are water-tight caps that protect the connector optical ferrule 
from mechanical damage and contamination during filament winding. Figure 3-40 28 is a view into 
the connectors showing the internal optical ferrules. 

INTEGRATING SENSOR INSTALLATION AND FILAMENT WINDING 
The optical fiber sensor and connector have been fully bonded to the aluminum liner as described in 
the previous sections. In this condition, they should be sufficiently rugged to allow the tanks to be 
handled and filament wound using standard manufacturing procedures (Fig. 29) . Also, by locating 
the connectors near the top of the valve stem, the stem still can be used as a turn-around for 
reversing the wind. To prevent the connectors from being contaminated by e poxy adhesive during 
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filament winding, protective caps are used to seal the optical ferrule. 

Th e sensor syst e m was install e d on th e aluminum lin e r as d e scrib e d h e r e in for four tank prototypes. 
Th e prototyp e s w e r e transported from Hawaii to Utah to the fabricator. The tanks wore handled and 
mount e d in th e filament winding machinery without sp e cial pr e cautions. Thr e e of tho tanks had 
p e rf e ctly functioning optical s e nsors. On e tank had epoxy r e sin coat th e prot e ctiv e caps. The 
fabricator att e mpted to us e forc e to op e n th e caps with a plier. This caus e d the conn e ctor housing to 
rotate slightly and br e ak th e optical fiber at its e ntranc e point to th e housing. Futur e winds will 
r e quir e that th e protectiv e caps b e cov e red with a r e l e as e tap e during filam e nt winding. 

COMPOSITE TANK 

The tank consists of an aluminum liner and an E glass/ e poxy a filament-wound composite 
overwrap. The aluminum liner serves as a mandrel for filament winding and the primary seal for the 
pressurized gas. It has one end threaded to contain attach a pressure regulator valve. The composite 
overwrap provides the primary strength to the tank. A fiber optic sensor is sandwiched between the 
liner and composite overwrap to monitor tank dilatation and optical connectors are attached to the 
valve stem. 

OBJECTIVES 

1 . Th e ov e rall siz e of th e prototyp e tank shall b e about 6 inch e s in diamet e r and 2 f ee t in l e ngth. 
This siz e is r e pr e s e ntativ e of a SCBA or SCUBA tank. 

2. An optical fib e r s e nsor e mb e dded b e tw ee n th e aluminum liner and th e first composit e lay e r must 
b e suffici e ntly s e nsitiv e to allow accurat e monitoring of th e dilatation of th e pr e ssuriz e d tank. 

3. Th e tank must hav e at l e ast a factor of safety on mat e rial failur e of at least 2 for th e maximum 
t e st pr e ssur e . 
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ALUMINUM LINER 

Th e profil e for th e aluminum lin e r is shown in Fig. 4 1 . Tabl e 4 1 lists the coordinat e s for points on 
th e profil e . Also, the wall thickn e ss variation from on e point to an adjacent point is giv e n. 
Th e lin e r is produc e d by a hydrostatic spinning process. It is 21.9 inch e s in l e ngth and has a 6.28 
inch out e r diamet e r. Th e nominal wall thickn e ss of th e lin e r in th e cylindrical region is 0.091 
inch e s. In th e e nd s e ctions, th e wall thickn e ss vari e s as shown in Tabl e \ 4, but is thick e r than in th e 
cylindrical region. This is nec e ssary sinc e only axial wraps of composit e partially cov e r th e e nds. 
Wh e r e th e aluminum is thinn e r in th e cylindrical s e ction, both axial and hoop composit e wraps ar e 
provid e d. 



GEOMETRICAL AND MATERIAL PROPERTIES 

G e om e trical and material prop e rti e s of th e composit e tank ar e pr e s e nt e d in Tables \ 2 and 1 6. Th e 

bottom, middle and top r e gions d e scrib e d in Tabl e 4 2 r e fer to the nearly hemisph e rical bottom, th e 

cylindrical r e gion and th e top of th e tank containing th e valv e st e m, resp e ctiv e ly. 

Mat e rial t e sting was not don e on the E glass e poxy composit e to d e t e rmin e its sp e cific mat e rial 

prop e rti e s. — G e n e ric prop e rti e s for E glass e poxy wer e taken from Tsai (1992). — B e caus e of th e 

uncertainty in th e s e prop e rties a saf e ty factor of two will b e us e d for th e pr e ssur e test limit. 

The prop e rties ar e giv e n in th e tabl e s b e low: Th e Tsai Wu coupling co e ffici e nts w e r e all s e t to 1 . 

FINITE ELEMENT ANALYSIS 

Th e str e ngth of a prototyp e tank was d e t e rmin e d by finit e e l e ment analysis (FEA) using th e 
ANS YS FEA program. Th e r e sults of this analysis wer e us e d to choos e a saf e pressur e limit for th e 
prototyp e tank pr e ssure t e st. Th e tank was mod e l e d with quadrilat e ral lin e ar lay e red structural shell 
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el e m e nts (SHELL99). This e l e ment has four midsid e nod e s (for a total of e ight nod e s). Th e re are 
six d e gr ee s of fre e dom at e ach nod e , x y z translations and x y z rotations. Th e finite el e m e nt 
occurs in lay e r 4 at th e bottom end of the hoop wrap lay e r as shown in Fig. 4 7. 
The pressure b e tw ee n th e aluminum lin e r and th e first glass/ e poxy lay e r is th e pr e ssur e that would 
b e appli e d to th e fib e r optic s e nsor pinch points. A radial pressur e of 850 psi was calculat e d at that 
location (Fig. 4 8). 

The pressur e was increas e d furth e r to d e t e rmin e wh e n th e E glass/ e poxy would fail. At an mod e l 
(FEM) was cr e at e d from th e data pr e s e nt e d in Tabl e s 4 1 to 4 3. Nod e s w e r e plac e d on th e outsid e 
surfac e of th e lin e r. Th e varying tank thickn e ss and numb e r of glass/ e poxy layers w e r e d e fin e d by 
22 r e al constant sets. The compl e t e FEM is shown in Fig. 4 2. The analysis r e sults given h e r e are 
bas e d on th e final as built g e ometrical properti e s of th e tank. 

Figur e s 4 3 and 4 4 show th e layer stacking s e qu e nc e for elem e nts in th e cylindrical s e ction and at 
th e tank ends, r e sp e ctiv e ly. — ANSYS m e asur e s the lay angl e from th e hoop or circumf e r e ntial 
dir e ction. Th e axial wrap ("12E from th e tank axis or "78E from the hoop dir e ction) consists of 
two layers of E glass/ e poxy unidir e ctional ply that cov e rs the entire surfac e of th e tank e xcept for 
small ar e as at th e poles. Th e out e rmost lay e r is a hoop wrap (+87 E from th e tank axis or +3E from 
th e hoop dir e ction) that is wound only ov e r th e cylindrical s e ction of th e tank. 
Rigid body motion r e straints w e r e appli e d to all th e nod e s on th e op e n e dg e of the tank valv e st e m. 
Th e s e nod e s w e r e h e ld fix e d in x, y, z translation as shown in Fig. 4 5. 

A uniform int e rnal pr e ssur e was appli e d to all th e e l e ments. Th e pr e ssur e load was increas e d until 
a failur e in on e of th e lay e rs occurr e d. Analysis was don e with th e PCG solv e r. 
Th e 6061 T6 aluminum lin e r approach e s its yi e ld str e ngth of 35,000 psi at an int e rnal pressur e of 
1,400 psi. Th e yi e lding b e gins on th e inn e r surfac e at th e tang e nt b e tw ee n th e cylind e r and th e tank 
ends as shown in Fig. 4 6. 

At 1,400 psi int e rnal pr e ssur e , the maximum Tsai Wu inv e rs e str e ngth ratio is 0.78. An invers e 
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str e ngth ratio of 1.0 would indicate a failur e . Th e maximum valu e int e rnal pr e ssur e of 1,750 psi 
both th e Tsai Wu inverse str e ngth ratio and th e maximum str e ss ratio w e r e v e ry clos e to 1.0. Th e 
Tsai Wu ratio is shown in Figur e 4 9. 

In summary, th e FEA indicat e s that th e w e ak point in th e tank is in the aluminum lin e r at th e 
tangent of th e cylinder and tank ends. Th e liner will yi e ld at a tank pr e ssur e of U00 psi. At 1,400 
psi th e pressur e b e tween th e lin e r and th e first E glass/ e poxy layer is 850 psi. Th e prototype tank 
pressur e test was limit e d to on e half of th e pr e dict e d failur e load b e caus e of th e unc e rtainty of th e 
E glass/ e poxy material prop e rti e s. Assuming a lin e ar r e spons e , an int e rnal tank pressur e of 700 psi 
should produc e about 4 25 psi of pressur e on th e fib e r optic s e nsor. 

A composit e tank with an aluminum lin e r has b ee n d e sign e d using th e ANSYS g e n e ral purpos e 
finit e e l e m e nt softwar e . The ov e rall siz e of the prototyp e tank (aluminum lin e r and composit e 
ov e rwrap) is 6.76 inches in diam e t e r and 21 .9 inch e s in l e ngth. Th e profil e of th e linor is shown in 
Fig. 4 1 . Th e valv e stem has an industry standard 7/8 1 1UNF 2B thread. 

The aluminum tank lin e r is expect e d to yi e ld first at an int e rnal tank pr e ssure of approximat e ly 
1,100 psi. At 1,750 psi, matrix cracking of th e composit e ov e rwrap would b e e xp e ct e d sinc e th e 
Tsai Wu Inv e rse Strength Ratio approach e s unity. This do e s not imply failur e of th e tank. What th e 
ANSYS analysis t e lls us is that w e might b e gin to notic e a nonlin e ar behavior of tank volum e 
chang e with pressur e abov e about 2,000 psi. Also, w e might e xp e ct to s e e a r e sidual (perman e nt) 
volum e chang e wh e n th e tank pr e ssur e is r e lax e d to z e ro. 

The d e sign d e scrib e d in th e for e going satisfies all d e sign crit e ria. All tank prototyp e s w e r e 
manufactured according to th e sp e cifications pr e s e nt e d. 

FABRICATION 

TANK LINER WITH OPTICAL SENSOR 

Figur e s 'I 10 to 4 15 show e ach tank prototype with an install e d optical s e nsor. 
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Tanks 1 and 2 hav e 4 9 pinch points that w e r e spot bond e d to th e surfac e of th e aluminum lin e r with 
a cynoacrylat e adh e siv e . Pinch points wer e not bond e d. Th e fib e r was hand wound. Car e was us e d 
in transporting, handling and filament winding th e s e two tanks b e caus e of th e r e latively loos e 
optical fib e r. During filam e nt winding, th e pinch points w e r e bond e d with e poxy. Radial pr e ssur e 
produc e d by filament winding k e pt th e optical fib e rs in contact at th e pinch points. 
Tanks 3 6 w e re wound using the fiber optic winding machin e . 

Tank 3 has 53 pinch points s e al e d with Mylar isolators. B e twe e n pinch points, th e fib e r was bond e d 
to th e tank liner with e poxy (E.V. Rob e rts R e sin Formulators RF 5001/RF 66). The resin wa s 
appli e d with a pr e ssur e inj e ction syring e and fl e xibl e T e flon application tip. Exc es s e poxy was 
r e mov e d with a flat silicon e squ ee ge. Th e cylindrical surfac e of th e tank was wrapp e d with on e 
wrap of th e rmal shrink tape (Airt e ch Dahlar MLF 521.25). A heat gun was us e d to shrink th e tap e . 
Th e r e sulting radial pr e ssur e h e ld th e fib e r in intimat e contact along th e lin e r and at th e pinch 
points. Th e e poxy was th e rmally cur e d with a th e rmal blank e t at about 120EF for at l e ast 8 hours. 
Tank 4 has 202 pinch points with e ach pinch point bond e d to the lin e r with Shor e 70A polyur e than e 
(E.V. Roberts R e sin Formulators RF 1735). B e tw ee n pinch points, th e fib e r was bonded to th e tank 
lin e r using th e sam e t e chniqu e s as was us e d for Tank 3. 

Tanks 5 and 6 both hav e 202 pinch points that ar e fully bond e d with e poxy. Th e fib e rs w e r e coat e d 
with the same e poxy r e sin us e d for Tank 3. Sinc e th e e poxy is a two part syst e m, wh e n mix e d, air is 
e ntrain e d in th e mixtur e . To r e mov e th e air, th e e poxy was d e gas se d in a strong vacuum (29.95 
inch e s Hg) for 15 minutes. Epoxy was appli e d to th e fib e r by pulling th e fib e r from a r e el through a 
syring e fill e d with th e e poxy and th e n through a fl e xibl e T e flon disp e nsing tip (EFD 5125PPS B 
with .014 inch inn e r diam e t e r, 2 inch long). Figur e 2 - 1 4 shows th e proc e ss. U s ing th e disp e nsing 
tool, th e fib e r was wrapp e d onto th e lin e r using th e fib e r winding machin e (Fig. 2 11). Two layer s 
of shrink tap e w e r e appli e d (Fig. 2 15), and a heat gun was us e d to shrink th e tap e . This process is 
n ee d e d to e nsur e that th e fib e rs ar e in intimat e contact with th e lin e r and at pinch points. 



- 32 - 



FILAMENT WINDING 

After applying the fiber optic sensor, e ach tank was car e fully pack e d in mold e d foam for shipping 
to th e fabricator. Upon arrival at th e fabricator-s facility, e ach tank was ch e ck e d for damag e . No 
damag e was found and th e optical syst e ms w e r e functioning properly, the aluminum liner is 
filament wound with a composite material (Fig. 29). Each tank was wound according to th e ANSYS 
finit e el e ment mod e l giv e n in th e pr e vious section. Th e procedur e is d e scrib e d b e low. 
The aluminum lin e r with fib e r optic s e nsor is attach e d to th e winding machin e by a 2 inch diam e t e r 
mandr e l that threads into th e valv e st e m of th e tank lin e r (Fig. 1 16). 

To r e duce thermally induced str e sses, a room temp e rature curing e poxy was us e d with E glass 
fibers. Th e glass fib e rs w e r e run through an epoxy bath and th e n through t e nsioning fing e rs. Th e 
winding machin e was program e d to wind th e four composit e layers to th e thickn e ss e s d e t e rmin e d 
by the finite e l e m e nt analys e s. Figur e 4 16 shows th e b e ginning of the " 12E axial winds. Figur e 4 
17 shows the progr e ssion of th e axial winds and Fig. 4 18 shows th e compl e ted axial wind. 
Figur e 4 19 shows th e start of th e 87E hoop wind. For this st e p, th e machin e must b e stopp e d and 
th e composit e tow reposition e d. 

Figur e 4 20 shows th e progr e ssion of hoop wind. Exc e ss e poxy must be r e mov e d as th e part b e gins 
to cur e at room t e mp e ratur e (Fig. 121). 

Aft e r compl e ting th e hoop wind, th e prot e ctiv e caps ar e r e mov e d from th e conn e ctor and the fib e r 
sensor is ch e ck e d for optical continuity. All tanks passed this continuity ch e ck. 
Tank 1 e xp e ri e nc e d a fib e r failure when it was th e rmally cur e d at 250EF. Th e failur e was du e to th e 
fib e r b e ing imb e dd e d in polyur e than e . With a high e r co e ffici e nt of th e rmal e xpansion, th e 
polyur e than e volum e str e tch e d th e optical fib e r suffici e ntly to fail th e fib e r. This m e chanism was 
confirm e d by a finit e e lem e nt analysis of th e conn e ctor. 

B e caus e of th e probl e m with Tank 1, th e conn e ctor d e sign was modifi e d and a 21 hour room 
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t e mperature curing e poxy syst e m was us e d. Th e se corr e ctions solv e d this problem. 
Th e Tank 5 fib e r optic s e nsor fail e d du e to fabricator e rror. For this tank, th e fabricator n e gl e ct e d to 
cov e r th e conn e ctor prot e ctiv e caps with a r e l e ase tap e . Whil e p e rforming th e hoop wind, e poxy 
r e sin coat e d th e caps and e ff e ctively bond e d th e caps to the conn e ctor. Without notifying us first, 
the t e chnician forced th e caps loos e by using pli e rs. W e b e li e ve that this caus e d the connector body 
to rotat e suffici e ntly to br e ak the optical fib e r at th e point wh e re it e nters th e conn e ctor body. 

COMPLETED TANKS PROTOTYPE TANK 

Figures 4 22 to 4 27 show the compl e t e d tanks. Tanks 1 and 2 have 49 epoxy - filled pinch point. 
Th e fib e r s e nsor in Tank 1 was damag e d in th e rmal curing and could not b e us e d for optical t e sting. 
Tank 3 has Mylar isolators cov e ring 52 pinch points. Tank 4 has 202 polyur e than e fill e d pinch 
points and Tanks 5 and 6 have 202 epoxy fill e d pinch points. During filam e nt winding of Tank 5, 
e poxy was allow e d to coat th e prot e ctiv e caps. Th e optical fib e r s e nsor was brok e n wh e n 
t e chnicians att e mpt e d to r e move th e caps forcibly with pli e rs. 

Although Tanks 1 and 5 w e r e us e d for hydrostatic testing, only Tanks 2, 3, 4 and 6 wer e t e st e d for 
both volum e tric and light power r e spons e . 

Th e conn e ctors on Tanks 2, 3, 1 and 6 all worked w e ll. Th e Tank 2 conn e ctor lack e d polarity and 
had to b e calibrat e d for e ach t e st performed. Th e r e maining tank connectors had polarity and 
provid e d consistent signals. 

All th e tanks w e r e filam e nt wound u s ing th e sam e lay angl e s and sam e E glass/ e poxy composit e 
material. Tank 1 was th e rmally cur e d which caus e d the fib e r s e nsor to br e ak insid e th e conn e ctor 
housing. For this r e ason, all subs e qu e nt tanks w e re cur e d at room - t e mp e ratur e . Tank 2 diff e red 
structurally with th e hoop wrap being only on e half that of th e oth e r tanks. 

Figure 30 shows a completed prototype tank with composite overwrap and optical connectors 
located on the valve stem at the top of the tank. 
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PROTOTYPE TANK TESTS 

A s e ri es of tests were p e rform e d on six prototyp e tanks including low pressure and high pressure 
t e sts of the optical fib e r s e nsor and hydrostatic volum e tric t e sts. Th e optical fib e r t e sts were 
p e rform e d in - hous e and th e hydrostatic volum e tric t e sts w e r e p e rform e d at a tank tost facility. 

FIBER OPTIC SENSOR TESTS 

Low and high pr e ssur e t e sts w e r e conduct e d on th e prototyp e tanks to m e asur e th e r e sponse of th e 
fib e r optic s e nsor to a chang e in internal pr e ssur e . Figure 5 1 illustrates th e pr e ssure t e st 
sch e matically. — A manually op e rat e d hydrostatic t e st pump pr e ssuriz e d wat e r from a hos e inl e t 
pr e ssur e of about 60 psi to an int e rnal tank pr e ssur e of 1,000 psi for th e low pr e ssur e tests or about 
4 ,500 psi for th e high pr e ssur e t e sts. 

Finit e e l e m e nt analysis of th e as built tank shows material yi e lding of th e aluminum lin e r at a tank 
int e rnal pr e ssur e of about 1,100 psi. Initiation of matrix cracking in th e composit e overwrap is 
pr e dict e d at about 1,750 psi. Th e location of mat e rial failur e is at th e tang e nt point b e tw ee n the tank 
e nds and th e cylindrical s e ction of the tank. Th e se pr e dictions ar e bas e d on approximat e composit e 
mat e rial properti e s. From th e finite e lement analysis study, the prototyp e tanks ar e e xp e ct e d to 
e xhibit nonlin e ar b e havior somewh e re b e tw ee n 1,500 psi and 2,000 psi as th e aluminum liner 
b e gins to yi e ld and th e composit e matrix mat e rial (r e sin) b e gins to crack. 

To asc e rtain a saf e tank pressure for conducting thes e t e sts, Tank 1 was hydrostatically t e st e d at a 
comm e rcial t e st facility. Th e r e sults of this t e st ar e d e scrib e d in the following s e ction. Th e tost 
r e v e al e d about a 10% r e sidual (p e rman e nt) volum e incr e as e in the tank after being pr e ssurized to 
8,100 psi. A subs e qu e nt t e st to 4 ,000 psi, show e d no additional residual volum e chang e . Bas e d on 
this t e st, a d e cision was mad e to limit th e s e nsor pr e ssur e t e sts to 1,500 psi. B e tw ee n 2,000 psi and 
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4 ,500 psi tank pressur e , it was hop e d that th e optical s e nsor might correctly d e t e ct nonlin e ar 
b e havior with r e sidual volum e chang e . 



LOW PRESSURE TESTS 

In this s e ri e s of t e sts, th e optical fib e r r e spons e of th e tanks to pr e ssur e varying b e tw ee n z e ro and 
1,000 psi was inv e stigated. The obj e ctiv e was to d e t e rmin e if th e signal is linear and rep e atabl e and 
to compar e the diff e r e nt s e nsor d e signs. 

Th e t e sts w e r e conduct e d with th e tank isolat e d b e hind an 18 inch thick concr e t e /rock barrier. To 
minimiz e explosiv e e nergy from d e v e loping, the tank was hydrostatically t e st e d with wat e r. Th e 
t e st s e tup allow e d elimination of most of th e air in th e tank, pump, fittings and pr e ssur e hos e . 
A 1/4 in. high pr e ssur e hos e conn e ct e d th e tank to th e pump with a pr e ssur e gaug e at th e pump 
outl e t to m e asur e th e tanlc-s int e rnal pr e ssure. Th e pow e r output of th e sen s or wa s m e asur e d with a 
light pow e r m e t e r that attach e d to th e fib e r optic conn e ctors. A n ee dl e valv e at th e tank inl e t 
allow e d air to b e bled from th e syst e m prior to pressurization and an id e ntical n e edle valv e at th e 
pump outlet provid e d pr e ssur e r e li e f (Fig. 5 1). 

Figur e 5 2 shows Tank 2 with pr e ssur e fittings and optical l e ads. The tank was wrapp e d in paper to 
prot e ct skin from th e rough E glass composite surfac e . — On th e right sid e of th e tank ar e th e 
pr e ssur e fittings and th e bl ee d valv e to e liminat e 
e ntrapp e d air. On th e l e ft sid e of th e tank ar e th e optical 
conn e ctors. 

Th e tank was load e d and unload e d through six pr e ssur e 
cycles to a maximum valu e of 700 psi. — Light pow e r 
measurements w e r e mad e at 100 psi incr e ments. — Six 
load cycl e s w e r e compl e t e d with consist e nt light pow e r 
r e adings. Figur e 5 3 shows th e readouts at 0 psi for th e 
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hand pump and 210.8 iWatts for th e pow e r met e r. Th e s e r e adings ar e at the stat e of b e ginning a 
load cycl e . Figur e 5 4 shows th e r e adings of th e pump at 700 psi and light pow e r m e ter at 225.6 
iWfor load cycl e #4 

Th e t e st data is listed in Tabl e 5 1 . A plot of this data in Figur e 5 5 shows that the s e nsor respons e 
is nearly lin e ar and v e ry r e p e atabl e . Th e light pow e r chang e from the initial m e asur e ment for each 
cycl e is shown in Tabl e 5 2. 

Th e m e an light power chang e and th e standard d e viations at e ach pr e ssur e increm e nt ar e list e d in 
Tabl e 5 3. It was observ e d that th e data had less variation when cycl e s 1 and 2 w e r e negl e ct e d. 
This may indicat e a br e ak in p e riod wh e r e th e composit e ov e rwrap Aseats@ against th e aluminum 
liner. Th e m e an light power chang e for th e stabiliz e d cycl e s 3 6 is plott e d in Fig. 5 6. A small 
diff e r e nc e b e tw ee n th e load (apply pressure) and unload (r e l e ase pressur e ) portions of th e load cycl e 
is evid e nt. 

Figur e s 5 7 thru 5 12 plot th e perc e ntag e light pow e r loss for Tanks 2, 3 and 1 for a numb e r of load 
cycl e s and th e m e an value of th e light power loss for loading and unloading. 
Figur e 5 13 is a compilation of th e for e going M e an Light Pow e r Loss curv e s for Tanks 2, 3, and 1. 
In Fig. 5 11, th e plots ar e e xtrapolat e d to a tank pr e ssur e of 3,000 psi to h e lp e valuat e s e l e ction of 
numb e r of pinch points for Tanks 5 and 6. Th e s e e xtrapolat e d curv e s w e r e th e n adjust e d to sh o w 
Mean Light Pow e r Loss p e r Pinch Point as shown in Fig. 5 15 by us e of Eq. 2 2. This plot r e v e als 
that Tank 2 with 19 e poxy fill e d pinch points produc e d th e larg e st signal p e r pinch point. N e xt, 
points from th e Tank 2 curv e in Fig. 5 15 w e r e transform e d with Eq. 2 2 to produc e th e Fig. 5 16 
plots of Light Pow e r Loss as a function of the Numb e r of Pinch Points at 1,000 psi, 2,000 psi, and 
3,000 psi. At an anticipat e d tank working pressur e of 3,000 psi, this plot shows that a 75% signal 
loss could b e achi e v e d with about 200 pinch points. 

Based on th e data obtain e d from the Tank 2, 3 and 1 t e sts, it was decid e d that Tanks 5 and 6 will 
use 202 e poxy fill e d pinch points to provid e a d e sirabl e 75% light att e nuation signal. 
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HIGH PRESSURE TESTS 

Tanks 2, 3, 4 and 6 w e re test e d at high e r pressur e s for 10 load cycl e s. On th e e l e v e nth load cycl e ., 
th e tanks w e r e t e st e d at a comm e rcial hydrostatic t e st facility to m e asur e volum e chang e . Thes e 
t e sts ar e d e scrib e d in th e following section. 

Th e Tank 2 (49 e poxy fill e d pinch points) Light Pow e r Loss plots for cycles 1 10 are pres e nt e d in 
Fig. 5 17. Cycl es 1 and 2 w e r e tak e n to 2,500 psi wdth hyster e sis in cycl e 1 and littl e hysteresis in 
cycl e 2. Th e tank pr e ssur e was increas e d to 3,000 psi for cycl e s 3 and 4 with a similar b e havior as 
cycles 1 and 2. In cycl e 5, th e pr e ssur e was incr e as e d to 3,500 psi and th e hyst e r e sis curv e appears 
to b e pronounced. This b e havior was du e to on e optical conn e ctor loos e ning during th e t e st. Aft e r 
r e s e ating th e conn e ction, th e t e st r e sum e d with cycl e s 6 — 10 e xhibiting a n e arly lin e ar r e spons e with 
small hysteresis. 

Th e curv e s pr e s e nt e d in Fig. 5 17 show that th e composit e ov e rwrap Ar e s e ats@ against th e 
aluminum liner with each incr e as e in pressure. Subsequ e nt cycl e s at th e sam e maximum pressur e 
did not produc e notic e abl e hyst e r e sis. Thus, th e tank do e s r e quir e a br e ak in p e riod b e for e light 
pow e r r e adings can b e tak e n. 

Figur e 5 18 shows a similar tr e nd for Tank 3 (52 Mylar isolated pinch points). Th e upp e r e nv e lop e 
of curv e s for cycl e s 1 5 bounds nic e ly the hyst e r e sis e ff e ct of incr e asing pr e ssur e . Tank 3 was 
brok e n in ov e r th e s e cycl e s by gradually incr e asing th e maximum pr e ssur e to 4 ,500 psi. By th e 5 th 
cycl e , about an 11% r e sidual light pow e r r e ading was obs e rv e d. This t e st shows that for a 5% or 
l e ss r e sidual light power loss, th e tank pr e ssure should not e xc e ed 3,500 psi. 
Th e Tank 4 (202 polyur e than e fill e d pinch points) t e st is shown in Fig. 5 19. For this t e st, th e first 
pr e ssur e cycl e was limit e d to 3,000 psi. Hyst e r e sis is pr e s e nt with about a 5% r e sidual light pow e r 
r e ading. In t e rms of DOT requir e m e nts, this is th e saf e limit for composit e tanks. Cycl e 2 also was 
tak e n to 3,000 psi, but hyster e sis is n e arly abs e nt. This b e havior was obs e rv e d in all tank t e sts. The 



- 38 - 



composit e ov e rwrap As e ats@ its e lf with e ach increase in pr e ssur e . Subs e qu e nt load cycl e s to th e 
sam e pr e ssur e produc e s a n e arly lin e ar, r e p e atabl e optical signal. In load cycl e 3, the pr e ssur e is 
incr e as e d to 3,500 psi with an att e ndant incr e as e of hyst e r e sis. Subs e qu e nt load cycl e s to 3,500 psi 
again show a nearly lin e ar, r e p e atabl e light signal without hyst e r e sis. 

Th e Tank 6 (202 e poxy fill e d pinch points) t e st is shown in Fig. 5 20. Th e tank was pr e ssuriz e d to 
1,500 psi In th e first load cycl e . Cracking nois e s w e r e h e ard as th e composit e ov e rwrap s e ated its e lf 
against th e aluminum lin e r. As e xpect e d, the hyst e r e sis was v e ry larg e with a 55% r e sidual light 
pow e r loss. Cl e arly this t e st shows that th e fiber s e nsor d e t e ct e d p e rman e nt structural damag e . Load 
cycl e 2 to th e sam e pr e ssur e produc e d a nonlin e ar light pow e r r e spons e with a r e sidual loss of about 
11% (aft e r relaxation). Again, th e larg e r e sidual sugg e sts additional structural d e gradation. For 
cycl e s 3 to 10, th e maximum pr e ssur e was r e duc e d to 3,000 psi. For th e s e load cycl e s, nonlin e ar 
b e havior track e d cycl e 2 with always about a 5% r e sidual light pow e r loss. This t e st confirms th e 
ability of th e fib e r optic sensor to detect structural damag e . 

Th e Cycl e 10 t e st data for e ach tank is plott e d togeth e r in Figs. 5 21 and 5 22. Th e s e curv e s 
r e pres e nt the s e nsor r e spons e aft e r e ach tank had b ee n fully condition e d (composit e ov e rwrap 
seat e d against aluminum lin e r). 

As Fig. 5 21 shows, all th e tanks e xhibit fairly lin e ar b e havior b e low 3,500 psi. As e xpect e d, w e s ee 
that th e gr e atest pow e r loss com e s from th e Tank 3 Mylar isolat e d s e nsor. In fact, th e pow e r 
att e nuation r e ach e s n e arly 85% at about 3,500 psi, which probably is e xc e ssiv e . Th e Tank 2 epoxy 
fill e d s e nsor with 4 9 pinch points respond e d with a 50% light pow e r loss at 3,500 psi compar e d 
with almost a 90% pow e r loss for th e Tank 6 e poxy fill e d signal with 202 pinch points. 
Using Eq. 2 2, the data in Fig. 5 21 is modifi e d in th e plot of Light Pow e r Loss p e r Pinch Point 
pr e s e nt e d in Fig. 5 22. Th e validity of th e th e se t e sts is confirm e d by curv e s for Tanks 2 and 6, both 
with e poxy fill e d pinch points. The curves ar e collin e ar e v e n though Tank 6 had four tim e s as many 
pinch points as Tank 2. 
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Oth e r obs e rvations can b e mad e . Th e Tank 1 polyur e thano fill e d pinch points produc e d th e small e st 
signal and th e most lin e ar signal. Th e Tanks 2 and 3 epoxy fill e d pinch points produc e d a 
significantly gr e ater signal with a slightly nonlin e ar b e havior. Th e largest and most nonlin e ar 
b e havior cam e from th e Tank 3 Mylar isolated pinch points. 



VOLUMETRIC HYDROSTATIC TESTS 
TANK 1 

To d e t e rmine a saf e t e st pr e ssur e for testing th e fib e r optic sensor, Tank 1 (with d e f e ctiv e s e nsor) 
was t e st e d to d e t e rmin e its burst pr e ssur e . Tanks 1, 3, 4 and 6 w e r e id e ntically fabricat e d so th e 
same test pr e ssure could b e us e d saf e ly. Th e composit e hoop wrap for Tank 2 is only one half that 
of Tank 1, so th e maximum t e st pr e ssur e for Tank 2 was limit e d to 3,500 psi. This is w e ll b e low the 
e xp e ct e d tank burst pr e ssur e (s ee following discussion). 

Fig. 5 23 is th e burst pr e ssur e t e st for Tank 1 . Th e t e st facility was unabl e to fail th e tank du e to 
e quipm e nt limitations. Th e maximum pr e ssur e r e ach e d was 8,000 psi. Th e t e chnician conducting 
th e t e st e stimat e d that th e burst pr e ssure would b e in e xc e ss of 12,000 psi bas e d on th e small 10% 
r e sidual volum e after r e leasing the test pressure. 

Th e r e d lin e in Fig. 5 23 is th e initial slop e of th e curv e . It r e v e als that th e volum e chang e departs 
from nonlin e arity b e ginning at about 2,500 psi. This is close to th e finit e e l e m e nt model prediction 
of about 2,000 psi. 

TANKS 2, 3, 1 & 6 

Following th e light s e nsor t e sts d e scrib e d in th e previous s e ction, Tanks 2, 3, ^ and 6 w e r e 
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hydrostatically t e st e d at a comm e rcial test facility. Th e data for th e s e t e sts appli e s to load Cycl e 1 1 
for e ach of th e s e tanks. Th e plots of this data ar e giv e n in th e following s e ction along with th e fib e r 
optic s e nsor data. 



TANK TEST FINDINGS 

Light pow e r loss and volum e chang e t e sts w e r e p e rform e d on all tanks. Th e data for both typ e s of 
tests wer e normaliz e d with th e corr e sponding maximum test r e adings, and plotted on the sam e 
graph. Th e clos e n e ss of th e two curv e s is a m e asur e of how w e ll th e optical fib e r simulat e s tank 
volum e chang e for both th e loading and unloading parts of each curv e . Th e light pow e r curv e s ar e 
for load cycl e 10 and th e volume change curv e s ar e for load cycl e 12 for e ach tank. The r e d curv e s 
in e ach plot r e f e rs to th e l e ft ordinat e (Light Pow e r Loss) and th e blu e curv e s r e f e r to th e right 
ordinate (Volum e Chang e ). 

TANK 2 

Figur e 5 2 4 is th e r e sult obtain e d for Tank 2. Both light pow e r and volum e chang e b e havior is clos e 
to lin e ar and th e curv e s ar e in clos e proximity. This tank with epoxy filled pinch points simulates 
volum e chang e r e asonably w e ll. 

TANK 3 

Figur e 5 25 show that th e Mylar isolat e d pinch points e xhibit a nonlin e ar tr e nd wh e r e as th e tank 
volum e tric chang e is v e ry lin e ar. Th e diff e r e nc e betw ee n th e curv e s is e xc e ssiv e and sugg e sts that 
Mylar isolation of pinch points should not b e us e d. 

TANK 1 
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Figur e 5 26 rev e als that the polyurethan e filled s e nsor nearly identically tracks volumetric chang e . 
This sensor provid e d th e most lin e ar and accurat e tracking of volum e change. 
TANK 6 

Figur e 5 27 shows again that th e volum e tric r e spons e is lin e ar and th e e poxy coat e d fib e r s e nsor 
produc e s a significantly nonlin e ar r e sponse. The respons e of this s e nsor does not track volum e 
chang e as w e ll as Tank 2. This is most lik e ly du e to th e initial damag e to the tank s e nsor wh e n th e 
tank was ov e r pr e ssuriz e d in th e first two load cycl e s (Fig. 5 20). For this r e ason, th e r e spons e of 
Tank 2 might b e mor e indicativ e of pot e ntial s e nsor p e rformanc e . 

DISCUSSION 

Fiv e prototyp e tanks wer e hydrostatically test e d. Tank 1 was t e st e d to 8,000 psi to ascertain that th e 
r e maining tanks could b e t e sted saf e ly at 4,500 psi. The r e maining four tank s wer e t e st e d for s e nsor 
p e rformanc e . A sixth tank was int e nd e d to b e t e st e d for s e nsor performanc e , but damag e don e to 
the optical conn e ctor by th e fabricator pr e v e nt e d its us e . 

Th e numb e r of pinch points and m e thod of filling th e fiber pinch point ar e as wer e vari e d as d e sign 
param e t e rs. Thr ee typ e s of pinch points wer e us e d. Mylar isolators that pr e v e nt e d e poxy bonding of 
th e optical fibers at pinch points prov e d to produc e th e larg e st optical signal. Bas e d on t e sts of small 
s p e cim e ns, this b e havior was e xp e ct e d (Fig. 2 9). N e xt, polyur e than e was us e d to e ncapsulat e pinch 
points and pr e v e nt e poxy intrusion during filam e nt winding. Although th e s e nsor signal was n e arly 
half that of th e Mylar isolators, it n e v e rth e less was a suffici e nt signal that was both lin e ar and 
r e p e atabl e . Th e third s e nsor typ e is an e poxy coat e d fib e r. This m e thod is consider e d advantag e ous 
sinc e th e composit e ov e rwrap has an e poxy matrix that would bond w e ll with th e coat e d fib e r. By 
using mor e pinch points with this d e sign, a suffici e nt signal is g e n e rat e d. Sinc e th e encapsulating 
e poxy is a mor e rigid mat e rial, fib e r microb e nding is b e li e v e d to b e inhibit e d. To incr e as e th e 
optical signal, mor e pinch points ar e us e d. 
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Th e purpos e of th e optical fib e r microb e nd s e nsor is to simulat e th e hydrostatic volum e tric t e st 
r e quir e d by th e U.S. D e partm e nt of Transportation for all composit e tanks. If th e fib e r s e nsor could 
r e plac e th e hydrostatic t e st, th e tanks could b e t e sted in situ at low cost and with no loss of us e of 
th e tank. Mor e ov e r, in - situ t e sting could b e don e mor e fr e qu e ntly than r e quir e d by th e DOT which 
could l e ad to e xt e nding the us e ful s e rvic e lif e of composit e tanks. 

The fiber sensor must be is able to reveal a residual change of light power following pressurization 
to the rated tank pressure that in normalized form agrees numerically with residual tank volume 
change (Fig. 31) . All of th e tanks test e d d e monstrat e d this capability, but th e Tank 4 polyur e than e 
coated fib e r follow e d by th e Tank 2 epoxy fill e d fiber p e rform e d best. 

Th e s e r e sults sugg e st that th e The fiber optic sensor can be successfully integrated into the 
manufacture of composite tanks at low cost. The fabrication of the sensor and connector and their 
installation onto an aluminum liner potentially is a simple process. The tank liner first is attached to 
a sensor winding machine. The fiber is coated with e ith e r polyur e than e or e poxy an adhesive and 
wound onto the liner. Shrink tape is wrapped around the installed fiber and it is then thermally 
cured. Finally the connectors are attached to the fiber and the aluminum valve stem. The fiber 
system now is sufficiently rugged to handle and filament wind so that no change in manufacturing 
procedures would b e is needed. 

Novel concepts d e v e lop e d in this program include, but are not limited to: 

1 . A low-cost, telecommunication single-mode optical fiber (Corning SMF 28) can function as an 
effective microbend sensor when placed in the wall of a composite tank. With microbend sensing, 
an inexpensive, hand-held light source/p ower meter is all that is required to monitor the structural 
health of a tank. 

2. The fiber sensor is contra-helically wrapped around an aluminum liner. The number of pinch 
points (fiber crossings) can be adjusted to control the microbend signal by the number of helical 
wraps. 
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3. By preassembling the fiber sensor and aluminum liner, the tank can be handled and filament 
wound using current standard manufacturing techniques. 

4. Pinch points where the fiber sensor crosses itself can be filled with a material that regulates light 
power loss across the points. This has demonstrated the effect of isolating the pinch points, bedding 
the points with a soft material (polyur e thane) or bedding the points with a hard material (epoxy) . 
Isolation provides the largest signal (microbending) and epoxy provides the small e st signal. 

5. A simple, economical method of coating the fiber with a bonding material (polyur e than e or 
e poxy) while it is applied to the tank liner was dev e lop e d is used . 

6. A new optical connector that is about half the size of a commercial connector was developed and 
tested. Its small smaller size helps to reduce mechanical damage to the connector when handling of 
the tank, it also made it possible to locate the connector on the valve stem of the tank. The 
connector adapts to existing ST-type optiware. To ensure that optical readings are repeatable, the 
connector uses a polarized connection so that the angular position of mating ferrules is maintained. 
Although h e lically wrapping and bonding th e fib e r s e nsor to th e tank lin e r is accomplish e d e asily, 
attaching th e conn e ctor poses automation chall e ng e s. An approach that is b e ing consid e r e d is to 
manufactur e a fib e r s e nsor with preattach e d conn e ctors that would b e sold to tank manufacturers in 
pr e d e fin e d l e ngths. Instead of using a syringe to dispens e th e coating mat e rial as describ e d, the fib e r 
would b e pr e coat e d with e poxy, polyur e than e or oth e r suitabl e bonding mat e rial for winding onto 
th e tank. Th e coat e d fiber would be k e pt in a tacky, uncur e d stat e at low t e mp e rature until r e ady for 
application to th e tank lin e r. Aft e r winding th e fib e r onto th e tank, it would b e cur e d th e rmally or b y 
us e of ultra violet (UV) light. Similar technologi e s alr e ady e xist for prepr e g composit e fabrics. 
Ass e mbly would proc ee d by first attaching a conn e ctor to th e valv e st e m using a rapid euro 
adh e siv e . On e or mor e layers would b e h e lically wrapp e d onto th e aluminum linear in a winding 
machin e similar to th e proc e dur e d e picted in Fig. 2 11. Th e s e cond conn e ctor th e n would b e 
attach e d to th e valv e st e m, th e cylindrical portion of th e tank would b e wrapp e d with shrink tape 
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and finally th e entir e ass e mbly would b e cur e d. 

The purpose of the optical fiber microbend sensor is to simulate the hydrostatic volumetric test 
required by the U.S. Department of Transportation for all composite tanks. If Since the fiber sensor 
could can replace the hydrostatic test, the tanks with an installed fiber optic sensor could can be 
tested in-situ at low cost and with no loss of use of the tank. Moreover, in-situ testing could can be 
done more frequently than required by the DOT which could lead to extending the useful service 
life of composite tanks. 

The fiber sensor must b e is able to reveal a residual change of light power following pressurization 
to the rated tank pressure that in normalized form agrees numerically with residual tank volume 
change. Prototype tanks that were tested All of th e tanks test e d demonstrated this capabilit y, but th e 
Tank 4 polyur e than e coat e d fib e r follow e d by the Tank 2 e poxy fill e d fib e r p e rform e d best . 
While the invention has been described with reference to specific embodiments, modifications and 
variations of the invention may be constructed without departing from the scope of the invention, 
which is defined in the following claims. 
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